Soluble protein has been extracted from sections of wheat leaves, from base to tip, and the content of several key enzymes of photosynthetic carbon assimilation in each section has been determined by the protein blot method. In the first leaf, ribulose 1,5-bisphosphate carboxylase (RuBPC) (EC 4.1.1.39) in the basal 0 to 1 centimeter section is about 12% the level in the tip section, whereas phosphoenolpyruvate carboxylase (EC 4.1.1.31) is present in small amounts in the basal section and does not change much in the tip. Pyruvate orthophosphate dikinase (PPDK) (EC 2.7.9.1) first appears in the 4 to 6 centimeter section and increases gradually with development to 10-fold in the tip. Malic enzyme, NADP-dependent (EC 1.3.137) also appears in the 4 to 6 centimeter section but remains low to the tip.
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Fixation of '4C02 by wheat leaf base sections resulted in 42% of total incorporation into malate and aspartate, indicating j ¶-carboxylation, whereas in the tip section these labeled compounds were only 8% of the total. Although the amount of PPDK in wheat leaves is only 1 to 3% of that in maize leaves, this C3 PPDK may have a limited role in photosynthesis leading to formation of C4 compounds. The possibility of a further role, similar to that in C4 plants, but for intracellular carbon transport in wheat leaves is discussed. The presence of malic dehydrogenase, NADPspecific (EC 1.1.1.82) in wheat leaf chloroplasts was shown, a necessary though not sufficient condition for such a proposed role. Assuming each of the four enzymes associated with C4 carbon transport were fully active in vivo during photosynthesis, PPDK (13) , compartmentation of enzymes in two types of cells, mesophyll and bundle sheath (14) , different chloroplast membrane morphology with little or no operation of PSII (02 evolution) in the bundle sheath cells of species such as maize with NADP-specific malic enzyme for C4 decarboxylation (13) , high isotopic 13C/I2C ratios compared to those of C3 species (31) , and CO2 compensation points near zero (23) .
The enzyme activities required for C4 metabolism are generally present in C3 species, although the amount may be much less and the physical properties of the enzymes may be different. example, the key C4 photosynthetic enzyme, PPDK,2 has no proven role in C3 photosynthetic metabolism, but it has been detected in C3 plant leaves (1, 24) . In wheat, its amount (w/w soluble protein) was reported to be 1 to 2% of that in maize leaves. Wheat seed, maize seed, wheat leaf, and maize leaf subunit polypeptides all seem to be of similar wt, about 94 kD, and there is a high degree of immunochemical cross reactivity (2) .
The regulatory properties of the C3 seed and leaf PPDK enzymes seem similar with respect to cold inactivation to the properties of the maize leaf enzyme (2). Either maize seed or wheat leaf PPDK is inactivated at a rate similar to that of maize leaf PPDK when placed in an inactivating mixture containing the regulatory protein which catalyzes light-mediated activation and inactivation ofPPDK activity (10) . In both wheat and maize, the seed PPDK subunit is synthesized on cytoplasmic ribosomes as a 94 kD polypeptide (3), while in maize leaves (3, 16) and in wheat leaves (3) , it is synthesized as a 110 kD polypeptide which includes a 16 kD 'leader' that permits the polypeptide to be taken up by chloroplasts and processed to give the mature 94 kD polypeptide (4) .
A metabolic role for PPDK plus PEPC in converting C3 amino acids such as alanine to C4 amino acids (aspartate, etc.) and C5 amino acids (glutamate, proline, etc.) in wheat seeds has been suggested (2, 26) . In C4 photosynthetic carbon metabolism, PPDK and PEPC are similarly involved in the conversion of C3 to C4 compounds; in some cases, conversion of alanine to aspartate. It seems possible that the seed (heterotrophic) function of PPDK could have been the evolutionary precursor to the photosynthetic (autotrophic) function.
Other enzyme activities involved in C4 autotrophic function but also found in C3 plants may have various levels ofautotrophic or heterotrophic function. For example, RuBPC is of course required for both C3 and C4 autotrophy but has no heterotrophic role, while PEPC probably has a broader heterotrophic function than PPDK, since PEPC is also required in general for anaplerotic synthesis. ME in C3 cells has a limited heterotrophic role: conversion ofC4 to C3 carbon skeletons. MDH-NADP was found to be present in spinach leaves at about one-fifth the amount present in maize (20) , but other workers reported finding no MDH-NADP in wheat chloroplasts (27) . It might be expected that MDH-NADP should be present in C3 chloroplasts, since it would be required for the operation of the malate/OAA shuttle of reducing power from the chloroplasts to the cytoplasm (21) . In the present study, we did find MDH-NADP activity in wheat chloroplasts. Its its activity is in excess of that of the highest levels of PPDK found in this study. This would permit it to function in OAA reduction in C3 chloroplasts in a possible intracellular carbon transport mechanism (see "Discussion").
Wheat leaves provide an excellent system for study of the control of gene expression during leaf development, as all cell division occurs in the basal meristem, and the region above the meristem provides a gradient in cellular development (12) . Leaves (28) . Autoradiographs were prepared with Kodak AR5 X-ray film with intensifying screens at -80°C overnight.
After the film was developed, a second probing with either anti-PEPC serum or anti-ME-NADP was carried out. Antisera to maize RuBPC and PEPC (28) were kindly provided by Dr.
W. Taylor, University of California, Berkeley. Antiserum to maize ME-NADP was kindly provided by Dr. T. Nelson, Yale University. Antiserum to maize PPDK was prepared as described previously (2) .
Radioactivity Measurement and Densitometry. Radioactivity corresponding to the protein blot was measured by cutting the radioactive spot, placing it in a counting vial with scintillation fluid and determining the I125 label by scintillation counting. This provided a measure of the relative amounts of protein originally on the band of the gel. Other protein bands were estimated from the film exposure by densitometry of the x-ray film by comparison of the peak areas (2) . In this case, the exposures were chosen so that film darkening remained within a range where it was proportional to the amount of protein on the gel band.
Enzyme Activity Assays. Wheat plants were illuminated for two or more hours for maximum enzyme activities. The tip 3 cm sections of first leaves were harvested from seedlings 8 d after sowing. These sections (20 g ) were homogenized in 3 volumes (w/v) of ice-cold extraction buffer containing 0.1 M Tris-HCl (pH 7.5), 10 mM MgCl2, 5 mM sodium pyruvate, 2 mM K2HPO4, 1 mm EDTA, 1% (w/v) sodium ascorbate, 5 mM DTT, and 1% (w/v) PVP. The homogenate was strained through nylon cloth and centrifuged at 12,000g for 6 min. PEPC activity in the supernatant was assayed as described previously (2) . MDH-NADP activity was assayed by the method of Hatch and Slack (20) . For assays of PPDK and ME-NADP, the supernatant was fractionated with (NH4)2SO4 (50-65%), and the precipitate was dissolved in 1 ml of the above buffer minus sodium pyruvate, and passed through a Sephadex G-25 column for desalting. PPDK was assayed as described previously (1) (4) .
The intact chloroplasts, free of other organelles (4) were resuspended in 3 ml of the extraction buffer, broken in a glass homogenizer, and centrifuged at 12,000g for 15 min. The supernatant fraction was assayed for MDH-NADP enzyme activity.
For detection of ME-NADP and PEPC, the supernatants as well as the crude extracts were analyzed by protein blot (6) .
'4CO2 Incorporation Study. Seventy mg of the leaf tip sections taken from the 3rd leafor 100 mg ofthe base 0 to 3.5 cm sections of the first wheat leaf were used for each time course. After removal of the coleoptile, the sections were cut into 2 x 2 mm pieces and were placed in 0.5 ml of buffer (3 mm NaHCO3, 5 mM Hepes [pH 7.8]) in a glass homogenizing tube and preilluminated at 650 ME m-2 s-' for 2 min. Then 0.5 ml NaH'4C03 solution (Amersham, 57 mCi/mmol) was injected, and illumination was continued for 10, 30, 60, and 120 s. Liquid N2 was poured into each tube at the end ofthis time to stop the reactions. The mixture was homogenized as it thawed. An aliquot portion of this mixture was analyzed by two-dimensional paper chromatography and radioautography (29) , and incorporation of the 14C into individual compounds was measured by liquid scintillation counting (5) . Chromatograms were prepared with both the radioactive compounds and added amino acid standards which were sprayed with ninhydrin solution after radioautography, facilitating identification of labeled compounds by their chromatographic position.
RESULTS
Appearance and Accumulation of Enzymes. The profiles of appearance and accumulation of polyeptides of RuBPC, PEPC, PPDK, and ME-NADP in wheat leaves are very different from the profiles in maize leaves (5, 25) . In wheat first leaf sections, RuBPC is already present in the first 0 to 1 cm (Fig. 1) at about 12% of the final level of accumulation. RuBPC increases rapidly from the base to tip where the amount of RuBPC is about 56% of the total protein (12) . PPDK first appears in the 4 to 6 cm section and increases 10-fold with development (Fig. 1) . The increases in RuBPC and PPDK polypeptides are less than the increase in total Chl content but more than the increase in soluble protein content (Table I) . PEPC is present in the basal section and it never increases much. ME-NADP appears in the 4 to 6 cm section and its level also remains fairly constant.
The activities of PPDK, PEPC, and ME-NADP, as well as MDH-NADP are quite low compared to those of a mature maize leaf (Table II ). An earlier report (35) of enzyme activities in developing wheat leaves showed that MDH-NADP activity is higher than PEPC activity, while ME-NADP activity was barely detectable and PPDK was not detected. Even though the amount of PPDK polypeptide increases 10-fold with development, its activity appears to be rate limiting for any hypothetical C4 transport pathway involving only these enzymes (see "Discussion"). Effect of Leaf Position on the Profile. When upper leaves of wheat were used, the pattern of appearance and accumulation was basically the same. Only the level of enzymes was higher (Table III) . In mature wheat leaves, the portion ofsoluble protein allocated to RuBPC increased from base to tip 4-fold, whereas PPDK did not show any increase after the 2nd section (Fig. 2, A  and B) .
PEPC Properties. PEPC activity was 0.30 unit/mg Chl for the first wheat leaf tips and 0.37 for mature leaf tips. The Km (PEP) was 0.2 mm and the Vm<, was 0.3 unit/mg Chl in each case.
Enzyme Locations in Wheat Leaves. MDH-NADP activity was found in the stroma of the chloroplasts. The supernatant fraction after centrifugation of the intact chloroplasts did not contain a detectable level of this enzyme activity but a level too low to detect may have been present in that fraction due to substantial dilution during lysis. The level ofMDH-NADP activity in the stroma fraction was determined to be 0.29 unit/mg Chl, while the level in the crude extract was determined to be 0.61 unit/mg Chl. Thus, less than half of the MDH-NADP activity appeared to be in the chloroplasts.
'4CO2 Fixation Pattern of Wheat Leaves. Total "4CO2 fixation was 1.5 to 2 times greater for the tips than the base. After 10 s fixation in the base section, 43% of the total 14C incorporated was found in C4 acids, whereas PGA and sugar phosphates of the reductive pentose phosphate cycle accounted for less than 10% (Fig. 3A) . The 14C incorporation into C4 acids after 10 s for the tip section was 7%, whereas that into PGA and sugar phosphates was 82% (Fig. 3B) . This preliminary study of fixation was not a steady state 'pulse-chase' study, as would be required to investigate intercellular C4 carbon transport such as occurs in C4 plants, but was for the purpose of estimating the relative importance in vivo of the carboxylation reactions in the leaf sections used. Fig. 1 The anaplerotic C4 function is employed in both C4 and C3 plants, in leaves and in other tissues, in the light and in the dark, and thus can be either nonphotosynthetic (heterotrophic) or photosynthetic (autotrophic). When PPDK is present in developing seeds, the substrate, PEP, may be formed from alanine, via pyruvate (2) . During photosynthesis, however, the PEP may be derived from phosphoglyceric acid formed by the photosynthetic carbon reduction cycle, even ifthe product is, for example, glutamate. The anaplerotic pathway in this case is photosynthetic.
DISCUSSION
Much of the search for C4 characteristics in C3 species has been focused on plant species with leaf anatomy resembling Kranz anatomy, or in closely related C4 and C3 species, and in hybrids of such species (8 photosynthesis. Knowledge of such a 'C4 in C3 plant' pathway could help in planning future plant breeding or even molecular genetic engineering designed to impart C4 characteristics to C3 plants.
In Figure 4 we present one possibility for intracellular carbon olite transport. Transport data for wheat are lacking, but the chloroplast membranes of spinach recently have been shown to have a high affinity carrier for the transport of OAA (18) that is considered to be different from that involved in the malate/OAA exchange (21) since only very high concentrations of malate inhibit OAA uptake. The Vm, for this OAA transport was much less in spinach than in maize, where it must equal the rate of photosynthesis. If the OAA transport rate for wheat equals at least that for spinach at 1 to 2% that of maize, however, it would be sufficient to accommodate the rate of OAA formation. OAA formation in T. aestivum would be limited by the amount of PPDK activity which is only 1 to 2% that of maize. Similarly, an export of phosphoenolpyruvate from wheat chloroplasts at 1 to 2% that required in maize could support the proposed cycle. Ifdirect export is not possible, transfer could occur via conversion inside the chloroplasts to phosphoglycerate which could be exported via the phosphate, triose phosphate/phosphoglycerate translocator (21) , and subsequent reconversion to PEP.
We found two types of evidence that could support such a proposal for a C4 carbon transport function in wheat leaves. One is the location of PPDK in chloroplasts in leaves. The other is an increase with leaf development in the levels of PPDK even as CO2 fixation by RuBPC becomes quantitatively dominant over ,B-carboxylation.
We have previously reported that PPDK in wheat leaves is made with a leader to permit entry into the chloroplasts (3) and that the mature enzyme is in fact located in the chloroplasts in wheat and spinach leaves (4) . PPDK in these chloroplasts is probably active only in the light, given its regulatory properties (4, 10) . In wheat chloroplasts in the light, photosynthetic formation of phosphoglyceric acid via the reductive pentose phosphate cycle would likely supply all the PEP needed for biosynthesis. A role for PPDK in making PEP for the purpose of conversion of alanine to aspartate and glutamate thus seems unlikely in illuminated leaves. A role in photosynthetic carbon transport does seem possible, however, considering the developmental profile for PPDK activity as compared to that of RuBPC, PEPC, and other key enzymes.
The appearance of RuBPC in the base section of the first leaf of wheat is as previously reported (12) . PPDK appears at about 4 cm from the base section and increases from base to tip by 10-fold, indicating that the amount of PPDK polypeptide is correlated with leaf development and is increasing at a time when PEP generation from the reductive pentose phosphate cycle would be adequate for anaplerotic C4 formation (e.g. glutamate synthesis). The need for additional PEP formation from pyruvate suggests a role in a carbon transport cycle. The level of PPDK also increases with ascending leaf position on the stalk so that upper leaves contain more PPDK per g fresh weight. The maximum level of PPDK reached is small compared to a C4 plant, but the large relative increase with leaf development towards maturity seems significant.
In wheat leaf tips (where the maximum PPDK is found) the activity of PEPC is still more than five times that of PPDK. This ratio is similar to that in maize, where the total activities of both are much greater (32) . The Similarly, the activities of another enzyme of a putative intracellular carbon transport pathway, ME-NADP, is greater than PPDK activity at each developmental stage investigated. The developmental profile of MDH-NADP was not studied, but we did confirm its intracellular location in the chloroplasts. The MDH-NADP activity found in the chloroplasts was in excess of the maximum PPDK activity.
Thus, the intracellular location of C4 enzymes is the same in wheat as in maize: PEPC in the cytoplasm, and PPDK, and at least part of the ME-NADP, and MDH-NADP in the chloroplasts. In wheat cells, the latter enzymes are thus together with RuBPC in the same chloroplasts, rather than in different cells. The amount of PPDK present in wheat leaf cell chloroplasts is, however, not even as much as has been found to be present in maize bundle sheath cells (6) . The levels of PEPC and of ME-NADP do not increase but are in excess of the PPDK activity. Provided OAA is taken up by the chloroplasts and PEP is translocated from the chloroplast to the cytoplasm at rates greater than that of pyruvate to PEP conversion, PPDK activity would catalyze the rate-limiting step, and its increasing level could control the amount of carbon shuttling. If such an intracellular carbon shuttle does in fact operate, it may be of minor quantitative importance, at least in this wheat species.
Wirth et al. (35) reported some capacity for 'C4 metabolism' in the first leaf of wheat and tissues surrounding the grain, but the ratio of C3/C4 products increased markedly in the mature leaf, probably due to an increased RuBPC/PEPC ratio. The relative level of PEPC was higher in the first wheat leaf than the mature leaf, and RuBPC level continued to increase with higher leaf position. Since the amounts of PPDK and of PEPC are low relative to RuBPC in wheat leaves, C4 products are relatively minor. In the wheat leaf tip, however, we found the fraction of total 14C fixation into C4 acids after 10 s to be 7 to 12%, somewhat higher than the value (3%) reported for barley leaf (23) and the "less than 5%" reported for several species of wheat (22) . In the base section of wheat leaf we found 42% in C4 acids after lO s. The large increase in RuBPC with leaf development tends to obscure the effect ofthe smaller, yet significant increase in PPDK level, when C4 labeling is observed.
The uptake of OAA into the chloroplasts would compete with uptake into the mitochondria. The (15) . The highest photosynthetic rate (63 mg CO2 dm 2 h-') among tested wheat species with bright light (7000 ft-c) was found in T. boeoticum (15) , an ancient species grown in 8000 B.C. in the fertile crescent (17) . This rate is 70% higher than the rate found under the same conditions in that study for T. aestivum, and in fact compares favorably with rates reported elsewhere for maize in bright light (13) . T. boeoticum, however, exhibited the same degree of increased rate of net photosynthesis with lowered 02 pressure as did other wheat species. It is well established that extensive photorespiration does occur in both primitive and modern wheat species (1 1, 15, 22) . The fact that modern cultivars with higher ploidy have slower rates of net photosynthesis per unit leaf area than the primitive ones thus requires an explanation other than reduction ofphotorespiration.
Variation in amount of intracellular carbon transport could provide such an explanation.
That the putative carbon transport pathway seems to be not more significant in T. aestivum could be the result of plant breeding of wheat for characteristics other than photosynthetic rate at high light intensity and temperature. It has been suggested that the rate of photosynthesis in wheat may have fallen in the course of evolution (15) . If 
